A series of transport, biostimulation, and activity push-pull tests were performed under induced and natural gradient conditions in a trichloroethene (TCE) and cis-dichloroethene (c-DCE) contaminated aquifer. Transport tests demonstrated the feasibility of injecting and recovering complex solute mixtures from the aquifer. During the biostimulation tests, decreases in toluene concentration and the production of o-cresol as an intermediate oxidation product indicated the presence of toluene-utilizing microorganisms. Activity tests demonstrated that the stimulated microbial community had the ability to transform injected c-DCE and trans-dichloroethene (t-DCE) at similar zero-order rates. Injected isobutene was oxidized to isobutene oxide, which indicated that a toluene ortho-monooxygenase enzyme system was likely responsible for the observed c-DCE and t-DCE transformations. c-DCE zero-order transformation rates in drift push-pull tests were similar to those obtained from traditional push-pull tests (about 0.1 μM/h). Analysis of drift test data using first-order kinetic analysis resulted in similar conclusions as those obtained using zero-order kinetic analyses. When 1-butyne, an inhibitor of toluene ortho-monooxygenase, was added to injected test solutions, the oxidation of toluene, and the transformation of isobutene, c-DCE, and t-DCE were inhibited. The results illustrate how a series of push-pull tests can be used in combination to detect, quantify and confirm in-situ cometabolic microbial transformations. Published by Elsevier B.V.
Introduction
Chlorinated aliphatic hydrocarbons (CAHs), such as trichloroethene (TCE) are among the most common groundwater contaminants at industrial and military sites. Results from laboratory and field studies indicate that indigenous microorganisms at many sites have the potential to transform TCE and lesser chlorinated ethenes via aerobic cometabolism (Hopkins and McCarty, 1995; Semprini, 1997) . A variety of substrates has been shown to stimulate aerobic cometabolism of CAHs under laboratory and field conditions (Semprini et al., 1990 (Semprini et al., , 1991 Hopkins and McCarty, 1995) . Aromatic substrates (e.g. phenol and toluene) can stimulate aerobic cometabolism of TCE, cisdichloroethylene (c-DCE), trans-dichloroethylene (t-DCE), and vinyl chloride (VC) (Nelson et al., 1987; Hopkins et al., 1993; Semprini, 1997) . Toluene oxidizing bacteria appear to be widespread, and data from laboratory studies indicate that many of these microorganisms have the potential to degrade TCE (Wackett and Gibson, 1988; Yeager, 2001) . McCarty et al. (1998) used a recirculating well system to inject toluene (15 mg/L) thereby stimulating the aerobic cometabolism of TCE in the contaminated groundwater at Edwards Air Force Base (AFB), CA. In that study, approximately 98% of the TCE was removed. Well-to-well recirculation tests interrogate a large volume of the subsurface and thus have the potential to provide site-scale information, but are expensive and logistically complicated.
Burkholderia cepacia G4 is a well-studied, toluene-oxidizing, TCE-transforming bacteria (Nelson et al., 1986 (Nelson et al., , 1987 . In B. cepacia G4, toluene is oxidized at the ortho position by toluene 2-monooxygenase (T2MO) to generate ortho-cresol (o-cresol) (Newman and Wackett, 1997) . Ralstonia pickettii PKO1 expresses toluene 3-monooxygenase (T3MO) and oxidizes toluene at the meta position (Harayama et al., 1986) , while Pseudomonas mendocina KR1 expresses toluene 4-monooxygenase (T4MO) and oxidizes toluene at the para position (Pikus et al., 1997 ). TCE transformation rates are different among these bacteria, with highest rates often observed with microorganisms expressing ortho-monooxygenase enzymes (Folsom et al., 1990; Landa et al., 1994) . Therefore, it is important to determine which monooxygenases are expressed in-situ.
To evaluate the potential for the in-situ aerobic cometabolism of TCE and other CAH it is useful to identify reactive tracers that are oxidized by the same enzyme systems that transform TCE, but are not normally present in TCE-contaminated groundwater. Tracers selected for field testing should also be non-toxic and only weakly sorbed to aquifer sediments. The cometabolism of short-chain alkenes, such as ethylene, propylene, and 1-butene to their corresponding 1,2-epoxides has been observed in organisms expressing propane monooxygenase (Hou et al., 1983) . The epoxidation of isobutene by toluene monooxygenase has been observed in B. cepacia G4; P. putida F1; P. mendocina KR1; and P. putida mt2 (Lange and Wackett, 1997; Hicks, 2002) . B. cepacia G4, produces isobutylene oxide, while methyl allyl alcohol (2-methyl-2-propen-1-ol) is produced by P. putida F1, P. mendocina KR1, and P. putida mt2 enzymes (Lange and Wackett, 1997) . Thus, the specific products of isobutene transformation are diagnostic of the type of monooxygenase expressed.
The inhibitory effects of alkynes on toluene-utilizers were studied by Yeager (2002) . The results demonstrated different sensitivities to the different alkynes tested. For example, B. cepacia G4, was much more sensitive to 1-butyne than P. putida F1, which expresses a dioxygenase enzyme. Thus, 1-butyne may be useful as an inhibitor of toluene monooxygenase to determine if observed transformations are biotic or abiotic, and whether a particular pathway is being expressed.
Push-pull tests have been previously used to obtain quantitative information on a variety of aquifer physical, chemical, and microbiological characteristics (Istok et al., 1997; Schroth et al., 1998; Istok et al., 1999; Schroth et al., 2001; Hageman et al., 2001) . Push-pull tests consist of extracting groundwater from a well, amending the groundwater with a conservative tracer and one or more reactive tracers, contaminants, or other solutes of interest, and injecting this solution into the aquifer where it flows radially outward and penetrates a roughly cylindrical volume of aquifer material centered about the well. During the extraction phase, flow is reversed and the test solution/groundwater mixture is pumped from the same location and concentrations of tracer, reactive solutes, and possible reaction products are measured as a function of time. Kim et al. (2004 Kim et al. ( , 2006 used push-pull tests to evaluate propane as a cometabolic substrate in uncontaminated and contaminated aquifers. They demonstrated that propane-utilization could be simulated with successive additions of groundwater amended with dissolved propane and oxygen. In that study ethylene and propylene were used as reactive tracers to demonstrate the stimulation of cometabolic activity of propane-utilizers. Kim et al. (2006) also showed that acetylene inhibited both substrate utilization and cometabolic transformation. In that study, no attempt was made to add CAHs to the test solution to directly measure their transformations.
In the present study, a series of push-pull tests was performed to evaluate in-situ aerobic cometabolic activity of microorganisms stimulated through the addition of toluene as a cometabolic substrate. The tests were designed to determine whether microorganisms were stimulated that expressed a dominate toluene oxygenase enzyme. This was accomplished by adding a reactive substrate that forms specific products when transformed by a specific oxygenase enzyme and in other tests adding a blocking agent that preferentially inhibits the enzyme. For this purpose isobutene was added as a reactive substrate and 1-butyne was added as a selective blocking agent. Two different types of tests were also compared: the traditional push-pull test where samples are collected during a period of continuous extraction, and natural gradient or "drift" push-pull tests, where samples were collected periodically without continuous extraction. In order to directly quantify the rates CAH cometabolism, c-DCE and t-DCE were added to the test solution. Rates of substrate utilization, contaminant transformation and product formation were estimated and compared for the different types of tests and the different test locations.
Materials and methods

Site description
Tests were conducted in a shallow alluvial aquifer at Fort Lewis, WA at an area known as the East Gate Disposal yard (EGDY) (formerly Landfill 2). The EGDY was used as a disposal site for TCE between 1940 and 1970 (U.S. Army, 2002 . Depth of groundwater in the alluvial aquifer is ∼3 m and apparent groundwater velocities range from 8-23 cm/day (URS, 2002) . Tests were conducted in multi-port monitoring wells LC191 and LC192. The wells were made of continuous CMT polyethylene (Solinst Canada Ltd.), 4.25 cm I.D. with seven individually screened ports, for sampling groundwater (U.S. Army, 2002) . Groundwater in these wells is contaminated with TCE samples (118-514 μg/L) and c-DCE (48-281 μg/L) and is generally aerobic with dissolved oxygen concentrations ranging from 4.9 to 6.6 mg/L (Table 1) . Table 1 Background groundwater composition at test wells
LC191-P1 281 ± 22 118 ± 9 5.6 ± 0.6 3.1 ± 0.1 6.3 ± 0.3 9.9 ± 0.3 6.98 LC191-P2 161 ± 13 112 ± 9 4.9 ± 0.5 1.85 ± 0.09 4.3 ± 0.2 10.3 ± 0.3 7.05 LC192-P1 60 ± 5 460 ± 37 6.6 ± 0.7 3.00 ± 0.1 3.9 ± 0.2 9.7 ± 0.3 7.09 LC192-P1 47 ± 3 514 ± 41 6.4 ± 0.5 2.51 ± 0.12 3.2 ± 0.16 11 ± 0.3 7.15
Field tests
A series of push-pull tests was performed to evaluate transport characteristics and transformation of injected solutes. Tests were performed in Ports 1 and 2 (P1 and P2) (7.5 m and 10.5 m depths, respectively) in wells LC191 and LC192 located about 100 m apart. A schematic of equipment used to inject prepared test solutions is in Fig. 1 . Groundwater (100 L) was pumped from a well port into a plastic tank (200 L) with a peristaltic pump (Masterflex, Barnant Co., Barrington, IL) and amended with potassium bromide (125 mg/L) (Spectrum Chemical Mfg. Corp. Gardena, CA) as a conservative tracer, sodium nitrate (50 mg/L)(Mallinckrodt Chemical, Inc. Paris, KY) as a nitrogen source, and hydrogen peroxide (105 mg/L) (Mallinckrodt Chemical, Inc. Paris, KY) as a source of dissolved oxygen. The dissolved isobutene solution was prepared in a plastic carboy (50 L) by sparging 20 L of groundwater with compressed isobutene gas (99%, Aldrich Chemical, Milwaukee, WI) for 1 h to achieve an aqueous isobutene concentration of 35 mg/L. Toluene-amended groundwater (5 L) was prepared in a collapsible Teflon bag (Chromatography Research Supplies, Addison, IL) by adding neat toluene (99%, Aldrich Chemical, Milwaukee, WI), to achieve a toluene concentration of about 500 mg/L. For selected tests, saturated c-DCE and t-DCE (both 97%, TCI America, Portland, OR) Fig. 1 . Schematic of equipment used to introduce substrates and surrogates in field single push-pull field tests.
solutions were added to a Teflon bag to achieve concentrations of about 13 mg/L. For the inhibition tests, groundwater (50 L plastic carboy) was sparged with 1-butyne (99%, GFS Chemicals, Inc. Columbus, OH) for 1 h to achieve an aqueous 1-butyne concentration of 125 mg/L. Flow from a peristaltic pump (from a 200 L tank at a flow rate of ∼1 L/min) and two piston pumps (Fluid Metering Inc., Oyster Bay, NY) (from a 50 L carboy at 200 mL/min and 5 L Teflon bag at 50 mL/ min) were mixed to achieve the desired final concentrations ( Table 2 . Samples of the background (pre-test) groundwater, injected test solutions, and extracted test solution/groundwater mixture samples were collected in 40-mL VOA vials with a Teflon/neoprene septum and a polypropylene-hole cap (Supelco, Bellefonte, PA). Samples for laboratory analysis were stored at 4°C and analyzed within one week. Samples were not preserved with acid, since abiotic transformation of isobutene oxide (a potential cometabolic transformation product of isobutene) is acid catalyzed. Three sets of triplicate samples were collected with the first set analyzed within one day of collection, the second set analyzed the following day and the third set analyzed three days after collection. The triplicate measurements between days were within 5% of one another indicating that biodegradation was insignificant during storage period.
Transport tests
For transport tests, injected test solutions contained bromide, toluene, isobutene, dissolved oxygen, and nitrate (Table 2 ). After injection, the test solution was allowed to reside in the aquifer without pumping for about 24 h. Then, ∼ 1.5 × the injected test solution volume (∼ 200 L) was extracted from the same location by continuous pumping at 1 L/min with a peristaltic pump. Between 20 and 30 samples were collected during the extraction phase.
Biostimulation tests
Biostimulation tests were designed to expose the indigenous microbial community to toluene, oxygen, and mineral nutrients for extended periods of time (one week) to stimulate growth and activity of toluene-utilizing microorganisms. Four sequential biostimulation tests were conducted to stimulate toluene oxidation by indigenous microorganisms. For each test a known quantify of toluene (20 mg/L), hydrogen peroxide (89 mg/L), and bromide (100 mg/L) were injected (Table 2) . Nitrate was added as a supplemental nutrient in LC191-P1 and LC192-P2, while modified G4 minimal media (1:10 dilution) (Yeager, 2001) , was added in LC191-P2 and LC192-P1. After injection the test solutions were allowed to drift downgradient without pumping (expect for periodic sampling).
Toluene activity tests
Following the biostimulation tests, activity tests were conducted by injecting test solutions containing toluene and bromide (Table 2) . Toluene concentrations were reduced to about 10 mg/L (as opposed to 20 mg/L in the biostimulation tests) to avoid potential inhibitory effects of toluene on TCE and c-DCE transformation. Injected test solutions were allowed to reside in the aquifer for about 24 h and then extracted over a period of 3.4 h ( Table 3 ).
Isobutene activity tests
Isobutene activity tests were conducted by injecting test solutions containing bromide, toluene, isobutene, oxygen, c-DCE, and supplemental nutrients (Table 2) . Injected solutions were permitted to reside in the formation for about 24 h and then extracted from the same location by continuous pumping. A low concentration of toluene (2.2 mg/L) was added to avoid the potential inhibition of isobutene transformation by toluene. c-DCE (400 μg/L) was added to increase c-DCE concentration above that present in site groundwater.
Drift tests
During the transport and activity tests, injected test solutions are allowed to reside in the aquifer with no pumping for about 24 h and then removed and sampled during continuous extraction pumping. This approach is suitable when reaction rates are expected to be sufficiently large, such that concentration changes are indicative of the targeted microbial activity. An alternative approach is the drift push-pull test, where injected test solutions are allowed to remain in the aquifer and sampled periodically by only brief pumping. This approach is suitable when anticipated reaction rates are expected to be lower. This approach is logistically less complicated as smaller volumes of extracted contaminated groundwater are produced. For the drift tests, injected solutions were essentially the same as used in previous isobutene activity tests, except that t-DCE (400 μg/L) was also added along with c-DCE to permit a comparison of the cometabolic transformations. Since t-DCE was not present as a background contaminant, it was possible to observe t-DCE transformation during these tests and to obtain additional evidence that observed c-DCE transformations were due to an aerobic cometabolic process linked to toluene oxidation. Samples were periodically collected from the well by periods of brief pumping over 50 h.
Inhibition tests
During inhibition tests injected test solutions were identical to those in drift activity tests, except that 1-butyne (20 mg/L), a known inhibitor of toluene monooxygenase was added. Samples were periodically collected from the well by brief pumping as during the drift activity tests.
Analytical methods
Bromide and nitrate were measured by a Dionex DX-500 ion chromatograph equipped with an electrical conductivity detector and a Dionex AS14 column, and calibrated with external standards. Dissolved oxygen concentrations were measured in the field with a Clark (Yellow Springs, Ohio) style oxygen electrode mounted in a glass water-jacketed cell (1.8 mL) to maintain a constant temperature. Aqueous concentrations of toluene, o-cresol, isobutene, isobutene oxide, 1-butyne, TCE, c-DCE, and t-DCE were determined by a modified purge-and-trap method (EPA 8000 purge-and-trap method). Aqueous samples (5-8 mL) were purged for 11 min with an HP 7695 purge-and-trap system, equipped with a Vocarb-3000 trap (Supelco, Bellefonte, PA), followed by 2-minute desorption at 250°C. Chromatographic separation was achieved with 30-m megabore HP-624 (Agilent, New Castle, DE) column installed on a HP6890 series gas chromatograph (GC) with a photo ionization detector (PID) followed by a flame ionization detector (FID). The gas flows were operated in splitless mode with helium (5 mL/min) as a carrier gas, hydrogen flow (35 mL/ min) and air flow (165 mL/min) as the FID flame ionization gases. The GC initial oven temperature was 40°C hold for 5 min, a 3°C/min ramp to 100°C, and a hold for 2 min. Calibration curves for the compounds were developed with external authentic standards.
Push-pull test data analysis
For transport tests and toluene and isobutene activity tests, mass balance calculations were performed by integrating measured solute concentrations and injection and extraction volumes. For plotting purposes, normalized concentrations, C ⁎ , were computed as described by Kim et al. (2006) :
where C solute is the sample's measured solute concentration, C o(solute) is the average injection concentration and C BG is the background (pre-injection) concentration in the ambient groundwater. Dilution-adjusted concentrations, C′, were computed using
where C ⁎ solute is the normalized concentration for the reacting solute and C ⁎ tracer is the normalized concentration for the bromide tracer, based on Eq. (1).
Zero-order reaction rates (μM/h) for substrates, contaminants, and their transformation products were computed by dividing the quantity consumed (injected mass-extracted mass) or formed (extracted mass) by the test solution injection volume and by the mean residence time for the test solution in the aquifer. Zero-order reaction rates (r) were calculated using the method of Istok et al., 1997 :
where M inj is total injected mass of a reactive solute, M ext is the total extracted mass of the same solute, V inj is volume of injected test solution (L), R tracer is the fraction mass recovery of the conservative tracer (extracted tracer mass divided by injected tracer mass), and t ⁎ is the mean residence time defined as the elapsed time from the midpoint of the injection phase to the centroid of the conservative tracer breakthrough curve of the extraction phase. For the drift push-pull tests, approximate mass balances were computed by integrating the area under breakthrough curves of normalized concentration versus time. Zero-order reaction rates (μM/h) for the drift activity tests were obtained by linear regression fitting the ratio of the dilutionadjusted concentrations of the reactant consumed or product formed multiplied by the average injected solute concentration (C ⁎ solute / C ⁎ tracer ) * C o(solute) versus the time since the end of injection. First-order reaction rates (h − 1 ) for the drift tests were computed by linear regression fitting the ratio of the natural log of the dilution-adjusted concentrations of the reactant consumed or product formed versus the time since the end of injection as described by Haggerty et al. (1998) .
where k is the rate coefficient and t⁎ is the time elapsed since the end of the test solution injection. Using Eq. (4), we can obtain an estimate for the rate coefficient, k by measuring C ⁎ solute and C ⁎ tracer during a push-pull test and then fitting Eq. (4) to a plot of ln(C ⁎ solute / C ⁎ tracer ) versus (t ⁎ ) using a standard least-squares approach. ln(1 − e −kt inj ) / kt inj is an intercept and t inj is the duration of the test solution injection. This method was used by Haggerty et al. (1998) to estimate first-order reaction rates for a denitrification using data from field push-pull tests performed in a petroleumcontaminated aquifer.
Results
Transport tests
Extraction phase breakthrough curves for injected toluene, isobutene, and nitrate during a transport test in well LC192-P1 showed nearly identical transport behavior for all solutes (Fig. 2) , indicating no apparent retardation or transformation during this test. Essentially all injected solute mass was recovered (Table 4) . Similar results were obtained at the other three test locations.
Biostimulation tests
Within one week after each injection, measured concentrations of bromide and toluene in the extracted solution were reduced to below the detection limits and c-DCE decreased below the initial background groundwater concentration (Table 2) . TCE concentrations remained unchanged and dissolved oxygen concentrations were reduced and returned to background levels.
Toluene activity tests
Normalized concentrations of injected toluene and nitrate were reduced compared to coinjected bromide indicating microbial utilization of these substrates (Fig. 3) . Therefore, the Nitrate as a nutrient was added to P1 in LC191 and in P2 in LC192, while modified G4 minimal medium was added to P2 in LC191 and P1 in LC192.
biostimulation tests successfully stimulated toluene oxidation activity (compare Figs. 2 and 3) . Dissolved oxygen concentrations also decreased (data not shown), indicating that oxygen was consumed during these tests. o-cresol production observed during the activity tests confirmed that toluene was partially transformed by microorganisms expressing an ortho-monooxygenase (Fig. 3) . Similar results were obtained at the other three test locations. The zero-order oxidation rates for toluene ranged from 0.83 to 1.79 μM/h and o-cresol production rates ranged from 0.01 to 0.04 μM/h. The rates of o-cresol formation were approximately two orders of magnitude smaller the rates of toluene oxidation.
Isobutene activity tests
Complete toluene oxidation was observed during the isobutene activity test (Fig. 4) . Normalized isobutene concentrations were reduced compared to bromide and the formation of isobutene oxide was detected at LC192-P1 (Fig. 4) . No methyl allyl alcohol was detected during isobutene activity tests. Dilution-adjusted concentrations were less than unity for all injected substrates (data not shown). o-cresol production was not detected at any of the locations, which is likely a result of the lower injected toluene concentration (2.2 mg/L) in the isobutene activity tests. Significant reductions in c-DCE concentrations were observed during the initial extraction phase (Fig. 4) . TCE transformation, however, was not observed in the isobutene activity test.
Isobutene mass recoveries ranged from 61 to 73% of the bromide recovery during the activity test, compared to 86.3 to 110% during the Transport Tests (Table 4 ), confirming that isobutene oxidation occurred. The ratios of mass of isobutene oxide produced to the isobutene mass oxidized were 3.6 and 4.5% in P1 and P2 in well LC191 and 7.0 and 7.8% in P1 and P2 in well LC192, respectively.
Estimated zero-order reaction rates for isobutene transformation during the activity tests ranged from 0.63 to 0.93 μM/h (Table 5 ) and the rates were about 20% higher in well LC192 than in well LC191, which is consistent with the higher rates of toluene oxidation observed in the previous tests. The estimated zero-order rates for c-DCE transformation ranged from 0.08 to 0.11 μM/h, and were similar at all locations tested (Table 5) . These rates are about 10 and 13% of the computed rates for toluene and isobutene, respectively. However, the c-DCE concentration was a factor of seven lower than isobutene, thus making a direct comparison of zero-order rates difficult. 
Drift tests
During the isobutene drift activity test, utilization of toluene and oxygen (not shown) and transformation of isobutene, c-DCE, t-DCE, were observed (Fig. 5) . For example, normalized bromide concentrations decreased from 1 to 0.2 during the 48 h following injection at LC192-P1, while toluene concentrations were reduced to below detection (b 1 μg/L) 13 h after injection. This result is consistent with results of toluene activity tests where toluene was reduced to below detection after about 24 h in the aquifer. Isobutene concentrations were gradually reduced to below detection within 48 h. Isobutene oxide was also produced indicating that injected isobutene was being oxidized by a toluene monooxygenase expressed by indigenous microorganisms (Fig. 5) . Isobutene oxide was first observed 9 h after injection and after 24 h concentrations increased to a maximum of about 288 μg/L, which represents about 8% of injected isobutene concentration (Fig. 5) . c-DCE concentrations were gradually reduced and reached background levels at the end of the test, while t-DCE concentrations decreased to below detection since, unlike c-DCE, it was not present as a background contaminant (Fig. 5) . The results at the other three test locations followed the same trends as those observed in Fig. 5 . Mass balances cannot be directly computed from drift test data. However, time integrated bromide concentrations were similar for all test locations. These results differ from those obtained during the traditional push-pull activity tests, which showed lower bromide mass recoveries for tests conducted in well LC191 compared to well LC192. This may have been caused by seasonal changes in groundwater velocities, since the drift activity tests were conducted in mid September 2003, while the traditional push-pull activity tests were conducted in early June 2003. Timeintegrated isobutene, c-DCE, and t-DCE concentrations were similar for tests in wells LC191 and LC192, suggesting that all compounds were transformed at similar rates.
Dilution-adjusted concentrations of toluene, isobutene, c-DCE, and t-DCE decreased approximately linearly with time during the first 30 h (Fig. 6a and b) . Zero-order rates for toluene oxidation were higher in the drift activity tests compared to the traditional push-pull activity tests (Fig. 7a and b) . Computed zero-order rates of isobutene transformation were also higher in the drift tests compared to the traditional push-pull tests, however rates of isobutene oxide formation tended to be lower ( Fig. 7a and b) . Zero-order transformation rates for c-DCE and t-DCE were very similar at all locations, and were similar to rates of c-DCE transformation observed during the traditional push-pull tests (Fig. 7a and b , Table 5 ).
First-order rate estimates were not determined for the prior push-pull activity tests, since the rest period of approximate 24 h followed by the rapid extraction over several hours were not appropriate conditions for Haggerty et al. (1998) method. First-order transformation rates for isobutene in the drift test ranged from 0.03 to 0.05 h − 1 , and were fairly similar at the four test locations (Table 5 ). In the drift tests the c-DCE and t-DCE first-order rates were very similar and ranged from 0.04 to 0.06 h − 1 and 0.05 to 0.08 h − 1 , respectively. The fairly narrow range in rates, show similar rates were obtained at the different test locations. It is also interesting to note that first-order rates in the drift tests for isobutene, c-DCE and t-DCE were very similar. This is not the case for the activity tests, where the zero-order rates for isobutene are about a factor of ten greater than c-DCE (Table 5 ). This partially may have results from isobutene being added at a factor of seven higher concentrations than c-DCE, which increased the zero-order rates. The first-order rate analysis is independent of the injection concentration. This would be one factor causing the similar rates, if they all were in the first-order concentration range.
Inhibition tests
Co-injected 1-butyne completely inhibited toluene oxidation and isobutene, c-DCE and t-DCE transformation; normalized concentrations for all solutes were similar to bromide and dilution-adjusted concentrations were all close to unity (Fig. 8) . The inhibition is also clearly indicated by comparing Figs. 5 and 8. In addition, o-cresol and isobutene oxide were not detected, which further supports the inhibition of the monooxygenase enzyme. Zero and first-order rates are also provided in Table 5 for the 1-butyne inhibition tests. The inhibited rates are generally reduced by one to two orders of magnitude compared to be uninhibited drift tests (Table 5) , illustrating the effective inhibition caused by 1-butyne. Similar results were obtained for inhibition tests conducted at all four locations (Table 5) .
Discussion
Aerobic cometabolic activity of indigenous toluene-utilizing microorganisms was detected and quantified by an extensive series of push-pull tests conducted in multilevel monitoring wells. Transport test results demonstrated the feasibility of injecting and recovering complex solute mixtures from a contaminated aquifer and showed that bromide concentrations can be used to compute dilution-adjusted concentrations for injected tracers, substrates, and contaminants. Higher bromide recoveries at both the P1 and P2 ports at LC192 likely indicate slower groundwater velocity at this location. The LC191 location had lower recovery in both ports (P1 and P2), and groundwater was flowing faster in the shallower zone (P1 ∼ 7.5 m) compared to the deeper zone (P2 ∼ 10.5 m). Variation in groundwater velocities is expected in a heterogeneous alluvial aquifer, like that at Fort Lewis. Biostimulation and activity test results showed that hydrogen peroxide was a suitable means of adding oxygen as an electron acceptor. Similar results were previously observed at the Moffett field site (Hopkins and McCarty, 1995) . A decrease in injected toluene concentration and the production of o-cresol as an intermediate oxidation product indicated the stimulation of toluene-utilizing microorganisms containing an ortho-monooxygenase (Fig. 3) . Toluene oxidation to o-cresol by the toluene ortho-monooxygenase pathway was also observed in in-situ tests at the Moffett field site (Hopkins and McCarty, 1995; Fries et al., 1997) . The o-cresol produced represented from 0.1 to 0.3% of the total toluene mass injected, which is also consistent with results from previous field tests (Hopkins and McCarty, 1995) . However, in that study o-cresol was detected early in the tests, but was not observed after prolonged biostimulation.
The zero-order rates of toluene oxidation were higher in LC192-P1 and P2 than the LC191-P1 and P2 (Fig. 7) . Toluene oxidation rates were not correlated with supplemental nutrient addition. The higher estimated rates of toluene oxidation in LC192 compared to LC191 observed in activity tests may have resulted from different groundwater flow velocities at the two locations. Transport tests indicated relatively higher groundwater velocities in the region of well LC191, and thus there would be shorter residence time for microbial activity at well LC191 compared to well LC192. One possibility for the higher rates is that a larger population of toluene-utilizing organisms was stimulated with longer residence time for toluene during the biostimulation phase of these tests. It is also interesting to note that rates of o-cresol formation were lower at the LC192 locations (0.04 and 0.01 μM/h at the LC191 and LC192, respectively), possibly indicating that a more robust microbial community had developed.
Isobutene activity tests demonstrated that indigenous microorganisms had the capability to transform both isobutene and c-DCE. Isobutene oxide was detected from isobutene transformation, indicating oxidation by microorganisms that express an ortho-monooxygenase. Isobutene was transformed to isobutene oxide and not methyl allyl alcohol. This is indicative of an orthomonooxygenase pathway. Studies with pure cultures of toluene-utilizers expressing orthomonooxygenase showed that isobutene oxide was produced by B. cepacia G4, while methyl allyl alcohol was produced by P. putida F1, P. mendocina KR1, and P. putida mt2 enzymes (Lange and Wackett, 1997; Hicks, 2002 ). Isobutene appears to be an effective reactive tracer for differentiation of the toluene monooxygenase enzymes. Rates of toluene oxidation during isobutene activity tests were similar to those during toluene activity tests in well LC191, but slightly higher rates were observed during tests in well LC192 (Fig. 7) . However, these are conservative (minimum) rate estimates since essentially all of the added toluene was transformed. It is possible that the greater amount of toluene transformed at LC192 promoted faster isobutene transformation, along with the longer residence time for biostimulation with toluene as previously discussed. o-cresol production was not detected in isobutene activity tests, likely because the injected toluene concentration in these tests was lower than in previous tests. A more robust microbial community might also exist resulting in less o-cresol production compared to earlier test. It is also interesting to note that the rate of o-cresol formation was lower at LC192 locations, which had also a higher toluene transformation rate (Fig. 7) .
Drift activity tests were implemented to allow more time for microbial transformations to proceed and to obtain a more complete history of the microbial transformations. At low injection concentrations of the toluene during the traditional push-pull activity test, toluene decreased below detection after a residence time of about 24 h (Fig. 4) . However in drift activity tests, actual decreases in toluene were observed, illustrating the utility of the drift activity test (Fig. 5) .
The production of isobutene oxide occurred after toluene was reduced to less than 50% of the initial injection concentrations (Fig. 5) . It is possible that toluene is potentially inhibiting isobutene transformation, however more studies are needed to evaluate inhibition effects. This potential inhibition was not observed in the activity tests, since toluene was reduced below the detection limits (Fig. 4) . The drift activity tests reproduced the results of traditional push-pull activity tests, when concentrations are compared over the residence time of the activity test (about 24 h) in Figs 4 and 5. For example, the concentration of toluene was reduced to below detection and c-DCE concentrations were reduced to a similar value normalized concentration of 0.2, and a similar percentage of isobutene oxide was produced (4 to 8%). Similar zero-order rates of c-DCE and isobutene transformation were achieved in both types of tests.
Higher zero-order rates of toluene oxidation and isobutene transformation suggest a larger or more active population of toluene-utilizing microorganisms during the drift tests, which were conducted after the traditional push-pull tests. c-DCE transformation rates for both types of tests were similar at all four test locations (Table 5 ). This result is encouraging and demonstrates the ability of the method to detect the targeted microbial activity. Despite the high ambient groundwater velocities successful biostimulation and similar test results were achieved. In the drift tests c-DCE and t-DCE were transformed at very similar zero-order rates (∼ 0.1 μM/h). The rates in this study are higher (by factor of 4) than the c-DCE and t-DCE transformation rates, reported by Hopkins and McCarty (1995) in the Moffett field study. We however injected higher concentrations of both c-DCE and t-DCE, which affects the zero-order estimates. The rates can also be affected by population size, concentration effects per Michaelis-Menton kinetics and the indigenous microbial population stimulated.
Results of the drift tests were analyzed using both zero-order and first-order kinetics. Regression (R 2 ) values ranged from 0.89 to 0.98 to for the zero-order estimates to 0.82 to 0.97 for the first-order estimates, indicating similar regression fits to the data. Like the zero-order rates, the first-order rates are very similar at the different test locations for isobutene, c-DCE, and t-DCE. Also c-DCE and t-DCE were transformed at similar first-order rates. Thus similar conclusions would be drawn whether zero-order or first-order kinetics are applied to these data.
TCE transformation was not clearly demonstrated, likely because the TCE concentrations in injected groundwater were low compared to background groundwater concentrations, which made data interpretation difficult. However, the results clearly indicate that the stimulated toluene-utilizing microbial community has the ability to cometabolize c-DCE. In previous field studies using toluene as a growth substrate, c-DCE was transformed more rapidly than TCE (Hopkins and McCarty, 1995; Semprini, 1995) . It is also possible that the presence of isobutene inhibited TCE transformation. Because additional TCE was not added to the injected test solutions and TCE concentrations did not increase above background levels, the detection of low rates of TCE transformation was difficult.
In this study, the residence time of about 24 h may not have been long enough for TCE transformation to be observed during push-pull tests. Past pure culture laboratory studies with B. cepacia G4, which expresses ortho-monooxygenase showed maximum rates of isobutene cometabolism were 2 to 10 times greater than rates of TCE cometabolism (Hicks, 2002) . Semprini et al. (1994) when modeling the results of in-situ cometabolic transformation tests with phenol as a cometabolic substrate used maximum rates for c-DCE cometabolism that were a factor of 5 greater than TCE. If similar slower rates of TCE occurred in our tests compared to isobutene and c-DCE observed previously, they would have been difficult to observe, especially since TCE was not added to the injection solution.
These observations indicate that assessing TCE cometabolic transformation potential, when background TCE is already present, may prove difficult using the push-pull method described here. c-DCE transformation in the toluene activity test, prior to its addition above background concentrations, also was difficult to assess. In these tests, toluene was not reduced to low concentrations due to its higher injection concentration, and thus c-DCE transformation was likely inhibited. When c-DCE was added above background concentration its transformation was clearly demonstrated.
In practice, the drift activity tests would likely be easier to implement, since they require only periodic sampling after the test solution is injected. More information is also generated on the temporal responses and on processes such as inhibition. The drift tests also permitted both zero-order and first-order kinetic analysis. A limitation of the method is mass balances cannot be directly determined, in contrast to traditional push-pull tests. Also, in drift activity tests, injected chemicals are not removed during the extraction phase as they are during traditional push-pull tests. This type of drift activity test has been successfully used to monitor anaerobic transformations of TCE, DCE, and BTEX (Hageman et al., 2001; Reusser et al., 2002; Istok et al., 2002) and microbially mediated uranium and technetium reduction (Senko et al., 2002; Istok et al., 2004) .
In the tests reported here multi-port wells were used. The use of multi-port wells results in less mixing because of the smaller dead volume in the casing. Smaller volumes of fluid could be injected as a result of the shorter screened intervals. Although the use of large bore wells can interrogate a larger volume of the subsurface, and can therefore provide more representative information, the use of large bore wells is expensive and logistically complicated.
In the presence of 1-butyne, toluene oxidation was essentially completely inhibited, isobutene oxide was not produced, and c-DCE and t-DCE were not transformed. Inhibition by 1-butyne further demonstrates that cometabolic transformation was likely catalyzed by an orthomonooxygenase. 1-butyne is a mechanism-based inactivator of toluene ortho monooxygenase enzymes (Yeager, 2002) . The results illustrate how activity tests and inhibition tests can be used in combination to detect, quantify, and confirm in-situ microbial transformations.
Future studies should include molecular analysis of the microbial communities that were stimulated at the different locations to compare with the activity based methods of assessing the transformations. Tests might also be conducted where TCE is added to the injected fluid to increase concentrations above the background levels. Also more work is needed on correlating rates of isobutene transformation to rates of TCE and c-DCE transformation with different microbial cultures. Modeling the results of these tests with a cometabolic transport model would enable complicated processes, such as substrate inhibition to be included, as well as transport conditions that are representative of the field tests.
Conclusions
A series of traditional push-pull tests and natural gradient drift tests demonstrated the stimulation of indigenous toluene-utilizing microorganisms that were capable of CAH cometabolism. Biostimulation was achieved through the successive additions of toluene, and hydrogen peroxide as a source of dissolved oxygen. The stimulation of toluene-utilizing microorganisms that express an ortho-monooxygenase enzyme was indicated by the production of o-cresol as a toluene oxidation product, and cometabolism of isobutene to isobutene oxide and not methyl allyl alcohol, and the effective inhibition of toluene oxidation and the cometabolic transformations by 1-butyne. These tests demonstrated that complex microbial processes can be studied in-situ through the use specific reactive substrates and blocking agents that have been traditionally used in the laboratory setting. Both traditional push-pull tests and natural gradient drift tests yielded similar rate estimates and permitted similar conclusions to be drawn with respect to spatial microbial activity achieved at the different test locations. The drift test, however, would be easier to apply in practice, and can be used to estimate either zero-order or first-order rates using simple analytical solutions. While the cometabolism of TCE present as a background contaminant was not clearly demonstrated, c-DCE and t-DCE, which were added above the aquifer background concentration, were clearly removed via aerobic cometabolism.
